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Summary

This document contains the safety analysis approé¢he Tracker Thermal Control System.
The AMS-02 TTCS system is to provide temperaturatrod of the Tracker front-end
electronics. The TTCS is comprised of a mecharnigalimped two-phase Gop where heat
is collected at evaporators inside the Tracker mjdcted at two radiators. For reliability
reasons, two redundant loops are implemented.

The objective of the safety analysis approach d&fmis to show that MDP is not exceeded in
all cases. The maximum design pressure is bas#uearase where the entire TTSC loop has a
maximum temperature of 65 °C.

The basic idea of the current safety approach makesof the fact that several thermostat
protected sections of the TTCS will stay well beldhe maximum design “pressure”
temperature of the loop (65 °C). This gives usahgity to allow overheating above 65 °C in
non thermostat protected section before reachiagnéximum design pressure. By dividing the
TTCS loop in;

« heated sections (with thermostat protection)

e heated sections (without thermostat protection)

* Unheated sections
and modelling the maximum temperatures of eachiosedt is possible to show the overall
TTCS MDP is not exceeded.
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1 Scope of the document

The document describes the TTCS maximum desigspresafety analysis approach.
It shows the TTCS system will stay below the MDperational and non-operational cases.

First the mean density of the TTCS loop is cal@dabased on the minimum and maximum
accumulator liquid level, and the MDP of 160 bar.

In order to do the safety analysis, the loop is dheded in parts with different maximum
temperatures. Subsequently the maximum temperatorése defined parts are verified. This
verification analyses are grouped in analyses Hiermostat protected heated parts and non-
protected heated parts.

Based on these results the maximum allowable testyrer of unheated parts can be calculated
as function of the maximum allowed accumulator terafure (i.e. the thermal switch
protection temperature).

1.1 Purpose

The main purpose of the safety approach is to clifethe MDP requirement is met in all
situations.

2 Reference documents

Title
RD-1 TTCS heater specifications AMSTR-NLR-043-Isk3e
RD-2 TTCS Accumulator Thermal Safety Analysis TTEBSU-AN-001-2.0
RD-3 TTCS Condenser Freezing Test Report AMSTR-NI3R-Issue03
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3 System overview

In Figure 3-3 and Figure 3-4 the primary and seaongiping lay-outs are shown. These lay-
outs can be used as a reference to understangbéhation and interactions of the components
discussed.

An complete TTCS schematic including components twedmostats is shown in Figure 3-3

and Figure 3-4.

3.1 Loop subdivision

In order to perform the analyses the TTCS loopvildd in the following parts:
¢ Heated sections (with thermostat protected)
« Heated sections (without thermostat protection)
* Unheated section.

The tube dimensions and corresponding volume ofptirés given in Table 3-1. In the same
table it is indicated how much power is dissipatethe specified loop sections.
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Figure 3-1: TTCS Primary loop lay-out (Piping sizirg and length)
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Updated by : J. van Es
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Figure 3-3: TTCS Primary loop lay-out (electronicsschematic)
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Figure 3-4: TTCS Secondary loop lay-out (electrong schematic)
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3.2 TTCS Components overview and dimensions
In Table 3-1 an overview of the heaters and purpbsiee heaters is given:

TTCS Primary Loop

Component name #| Tubing Dim Total Internal Thermostat protection Heater Power
Din L Vc[)rl:lgne Y/N Set-point [Watt]
[mm] | [m] [°C]
RAM capillary condenser lines ¥ 1.1( 2.57 17.10 Y -17.8 156
WAKE capillary condenser Lines ¥ 1.1 2.57 17.10 Y -17.8 156
Accumulator 1 - - 842 Y 55 75 (A+B)
Heat Exchanger 1 - - 50 Y 80 100 (A+B)
RAM capillary feed lines 71 1.10 0.7 4.65 N - 11.2
WAKE capillary feed lines 77 1.10 0.7 4.65 N - 11.2
TOP Evaporator 1 260 9.0 47.78 N - 150
Lower Evaporator 1 2.60 9.0 47.78 N - 150
NLR Experiment 1| 4.00 0.3 3.77 N - 49
Pump 2 - - 60.00 N - 4.0%
Valves 4 - - 8.00 N -

No part of this document may be reproduced and/or disclosed, in any form or by any means, without the prior written permission of NLR.

AMSTR-NLR-TN-044_1.2_TTCS_Safety_Approach.doc - Saved: 2007.07.11 07:07, Printed: 2008.12.16 14:42




AMS Tracker Page 14 0f 76
Thermal Control Doc.Id. AMSTR-NLR-TN-044
Subsystem Issue 12

TTCS Safety Approach Date July 2007
Pre-Heater section 2.6 0.12 8.0
Cold Orbit Heater section 1| 40 0.30 50
.~ Unheated Partswithout Thermostats |
RAM feed line 1 2.60 4.22 22.41 N -
RAM Return line 1 2.60 4.22 22.41 N -
WAKE feed line 1 2.60 4.22 22.41 N -
WAKE Return line 1 2.60 4.22 22.41 N -
Top Evaporator feed 1 2.60 1.56 08.28 N -
Top Evaporator return 1 2.60 1.56 08.28 N )
Lower Evaporator feed 1 2.60 0.81] 04.30 N -
Lower Evaporator return 1 2.60 0.81 04.30 N -
Common evaporator out il 4.0( 0.2¢ 02.51 N -
Pump line in/out 1] 4.00f 0.50 06.28 -
Pressure sensor tubes 6 2.60 0.06 01.91 N -
Pressure sensors +Flow Sensor | 8 - - 03.60 -
Hydraulic Connectors (6 - - 00.45 N -
Box tubing 1 2.60 2.20 11.68 N -

Table 3-1: TTCS Components overview and dimensions

* worst case estimate based on 4 Watt at mininowm {in reality the power will be less)
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4 Introduction Safety approach

The maximum design conditions are based on themadhat the entire system pressure should
not exceed 160 bar internal pressure and a maxiteurmperature (for the entire system) of 65
°C. The maximum allowable fill rate (system density/directly determined from the Mollier
diagram, seen in Figure 4-1, as the intersectitwdmn the blue line (constant temperature (65
°C) line) and the horizontal line of constant ptees

In Figure 4-1 the Mollier diagram is seen for £Ohe intersection of the T= 65 °C curve (blue
line) with thep = 592.39 [kg/m (red line) occurs at a pressure of 160 Bars:

* Max Design Pressure 160 [Bar]
¢ Max Design Temperature 65 [°C]
e Max Design Density 592.39 [kgIrtemass/volume)

The above pressure, density and temperature mdatoe based on the notion of constant
temperature over the entire system. If the tempezadf a part of the loop is below the 65
degrees the required volume to contain the, @D160 Bars is smaller than the actual loop
volume. This implies that the other parts of thepl@an get warmer without exceeding the 160
Bars in pressure.

100,00 — 0
L 20, f¢ 4
[ -40,7C ’

< 160 Bar \

Pressure (MPa)

1,0000 ‘
0,00000 200,00 400,00 600,00

Enthalpy (kJikg)

Figure 4-1: Mollier diagram
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The safety approach makes use of this propertylo fliagram of the approach is shown in
Figure 4-2. The sequential steps can be summaaiséallows:

1. Determine the accumulator volume, and the systimgfrate and/or density.

The loop is subdivided in the following parts:
a. Heated sections (with thermostat protected)
b. Heated sections (without thermostat protection)
c. Unheated section.

3. Determine the maximum temperatures in the heateduaprotected components of the
loop.

4. Determine the maximum allowable accumulator tentpesaas a function of the unheated
components temperature such thatP< MDP (160 bar).

5. Check/show by modelling that the temperatures &lpw the limits. (limits are the
temperatures of the components such that the dwyrstem pressure is equal to the 160
bar)

6. If the temperature of the unheated parts staysabtHe chosen value (corresponding with
an accumulator temperature) @ worse conditiong ¢hen the design is safe.

In the remainder of the document the approach esepted in Figure 4-2 is followed and point
by point. In section 5 first an the minimum accuaor volume is calculated. Subsequently in
section 6 an overview of the thermostats and heagergiven elucidating the division in
sections. In section 7 the maximum occurring termpee per section are determined by tests.
With these temperatures the final safety is demnatest in section 8. Based on the results a final
switch temperature of the accumulator can be chosen

Error! Objects cannot be created from editing fieldcodes.

Figure 4-2: TTCS Safety analysis flow diagram
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5 Accumulator minimum volume determination

First of all the minimum accumulator volume is ecdéted as indicated in yellow in the
approach flow diagram.

“MDP (160 Bar)
-Maximum Allowable Temperature

ls°C)
MDP = 160 Bar
MDT =65 °C

0 B:
a5
Determine:

Determine Actual Loop Components
Dimensions

- System Filling Rato

I

Subdivide the loop in:
1-Heated Sections with TS

- Heater failure mode (max power)
-Non-operational loop

| function of Tunhested components
-_> o et cm)
Such that:

Figure 5-1: Step 1 in the approach

In this section the minimum allowed accumulatoruoé is calculated. The approach is
elucidated and the calculation steps and resuispeesented. The final calculated minimum
allowed volume is smaller then the final accumulatolume. This gives a small additional
margin on the safety approach. However as the fioaimulator is not yet known the minimum
value is used in the final safety calculation intsm 8.

5.1 Accumulator volume requirements
The functions of the accumulator volume in the |aog:

1. Under conditions where the loop contains liquidyofd.g. at start-up or AMS non-
operation), the accumulator volume must be adequatupply CQ to the loop or
take-in CQ from the loop, because of liquid volume variatiahge to possible loop
temperature variations over the working rang { &-> + 28 C).

2. Under conditions where loop elements (evaporatorgdensers' feed lines, condensers)
are (partly) filled with 2-phase GOthe accumulator volume must be suited to take in
the surplus C@from the loop.
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Under all circumstances the accumulator must cordacertain amount (10%) of GOquid
(liquid content in accumulator will be lowest whisop is completely filled with C@liquid),
such that it is prevented at all times that vagfonm the accumulator enters the pump suction
line.

Furthermore it is desirable that:
a) Accumulator volume is minimized (because of naastvolume budgets)

5.2 Calculation Approach
The accumulator volume is determined followingitkeative process described below:

A. Determine the loop volume from the design of theemt design of the TTCS,
(Including components volumes).
B. Determine the case were the maximum amount of wgrituid is in the loop.
a. The loop at cold temperatures
b. The accumulator at hot temperature.
Assume an accumulator volume.
Determine the maximum design pressure and thusiéixanum allowable Fill Charge.
Determine the fill charge accuracy and thus thamim TTCS fill charge.
Determine the total End Of Life (EOL) Fill ChargeQ) ==> (FGyyeoL
Determine the working liquid mass in the loop.
Determine the FC in the accumulator such that dhemwe of the liquid in the
accumulator is 10 % of the total accumulator volume
I. Determine the accumulator fill charge.
J. Determine the accumulator volume.

Change the input accumulator volume in step C amdnrthe calculations until the output
accumulator volume equals the input accumulatanmel

IOoMmMODO

Filling ratio definition
The filling ratio is defined as:

FR= Mot - Maceu + Migop (1)
Vaccu +Vloop Vaccu +Vloop

Where:

M= TOtal CQ-mass in accu
Mieep= TOtal CQ-mass in loop
Vo= Total CQ-volume in accu
Vieop= Total CQ-volume in loop
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As starting condition we assume a minimum fillisgch that the loop is completely filled with
CO,-liquid and the accu completely filled with G&apour only:

Mace™Pv*V accu (3)

Mioop=P1*V 100p (4)

Finally (in step H) also the 10% minimum liquid uale is taken into account. The iterative
process finally ends in step J with the final minimallowed accumulator volume.

5.3 Accumulator minimum volume calculations
In this section the accumulator volume is calculdtdlowing the step by step approach.

Step A:
The loop volume of the current (September 2006igdds seen in Table 3-1 in section 3.2.

Step B:
The following assumptions are made concerningehgerature distribution in the TTCS loop;

these conditions determine the case where the adaton contains the minimum amount of

liquid:
Group Description Temp Components Density
[°C] [9/]

1 Cold parts of the -55 Radiator feed lines 1172.9 (liquid)

loop Radiator return lines
Condenser capillary lines

2 Hot parts of the -20 Entire loop except group |1 1031.7 (vapour
loop

3 Accumulator +20 Accumulator 773.3 (liquid)

194.2 (vapour)
Step C:

The volume of the accumulator is assumed to be:

Vaceu= 0.842 1]
This value resulted from the iterative process idiesd above where the calculated accumulator
volume from step J is equal to the assumed acctonwalume from step C.
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Step D:
Determine of the maximum allowable design presaacethe maximum allowable fill charge.

Comment
Design Pressure 160 [Bar] -
Max Temperature 65 [°C]  For the entire loop
Resulting density for CO| 592.39 [g/l] | From NIST Data

As stated before the fill charge (FC) of the TTG&( is defined as total G@nass divided by

the total loop volume Mcs = Vaccut V ioop -

The maximum design pressure and temperature gs/#seumaximum allowable fill charge:
I:Ctot_BOL_max: 592.39 [9/]]

Step E:
Determination the fill charge accuracy, dFC. Theltéll charge accuracy is obtained by

making assumptions concerning the accuracy ofata volume and the total G@nass in the
loop.

_ TotalMass

" TotalVolune
The relative error in fill charge is equal to thersof the errors in the mass determination and
the volume determination of the entire loop.

These results in following maximum fill charge erduring the filling process:
AFC _ 4206+ 4296 = +4%
FC
The total maximum allowable fill charge:
(FC) max =59239g/1]
This maximum allowable fill charge should be neseceeded, since it is directly related to the

maximum design pressure. This implies that thepsént for the filling process should be
(FCtot_BOL)SetPcint '
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(FC) max

(FCit_BoL) setpont = ‘(1+ dFC/FC) [9/1]

(FCiot_BoL) setpant = 96960.g/1]

This BOL fill charge set points results in a minimBOL fill charge due to errors during the

filling process (mass and volume):

dFC
(FCiot_BoL) min=(FCiot_BoL) setpant * (1—;)[9 /]

(FCrot_goL) min=54682g/1]
The above describe values are summarized in tlewiolg table:

Comment

Accuracy mass determination dm_ +2%
m

Accuracy Volume Determination | 4V _ +20%
V

Max Fill Charge Error dFC _ 406
FC
Max Allowable Fill Charge (FC)max =592399/1]
Fill Charge Set-point (FCiot_BoL) setpant = 969609 /1]

Minimum Begin of Life Fill Charge (FCiot_soL)min = 54682 9/1]

Step L:
Determine the total End Of Life (EOL) Fill ChardeQ) ==> (FGy)eoL. The assumption is made

that the TTCS has such a total leak rate thateag¢tia of life the TTCS lost 30 g of its total £O

mass.
Sl = TotalSystemLeak

Sl =304]
This is the minimum Fill Charge of TTCS system:
(FCiot)EoL = (Fctot_BOL)min -

(FCiot) eoL =522.749/1]

Sliot
Vtot
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5.4 Summary en conclusions

In this chapter the TTCS loop fill density has beefined based on:
*  Minimum accumulator liquid level
e Maximum accumulator liquid level
* MDP of 160 Bar
e Loop Volume (without accumulator) = 0.413 [l]

This resulted in the minimum accumulator volume aren loop fill density/rate:
* Vaeu=0.8421l]
*  (FC)max =592399/1]

These values are used in the final safety calauat section 8.
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6 TTSC Thermostats overview

In this chapter the overview of the thermostatthenTTCS is provided. This is important to
understand the division in sections of the loop ianghrt of step 2 in the approach.

Figure 6-1: Step 2 in the approach

The TTCS loop is divided in three types of sections
» Heated sections with thermostat protection
» Heated sections without thermostat protection
* Unheated sections

The thermostat protected sections are:

1.

o0k w0

Accumulator Flight Operation heaters
Accumulator Flight Emergency heaters
Accumulator Ground Operation heaters
Accumulator Ground Emergency heaters
Start-up heaters

Tracker Radiator/Condenser
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The thermostats non-protected but heated sectiens a

1. Cold orbit heaters

2. Pre-heaters

3. OHP heaters
The heaters are described in detail (numbers défgdocations and electronics schematics) in
the heaters specifications document “AMSTR-NLR-TABQ an overview is shown in Table
6-1.

Table 6-1: TTCS Heater overview

Heater name Control Purpose Power/

T- SIW Heater

stat control @28Vol

TTCS 28 Volt heaters

Pre-heaters X Raise sub-cooled liquid to TTCSoeatt 8.9
Accumulator operational | XX X Keep accumulator (TTCS) at set-point 22.5
heater
Accumulator XX X Quick raise of accumulator set-point 15.0

Emergency heater

Accumulator control XX X Keep accumulator (TTCS) at set-point 22.5

heaters (ground testing)

Accumulator Emergency | XX X Quick raise of accumulator set-point 15.0

heaters(ground testing)

Start-up heaters XX X Raise TTCS liquid flow fron46 °C to — 55.8
20°C during start-up
OHP heater X Operate OHP experiment in cold orbit 50.0
operation only
TTCS liquid line heaters X Defrost the TTCS corslarines 16.91
Cold Orbit Heaters XXX X Prevent Freezing in then@enser @ Cold 60
Orbits
Tracker rad; condenser X Defrost Tracker radiator NfHP’s and 75.75
heaters RAM CO, condenser
Tracker rad; condenser X Defrost Tracker radiator NfHHP’s and 175.75
heaters WAKE CO, condenser
X = Nominal control
XX = Additional safety control (outside operatdd T TCS temperature limits)
XXX = Additional mission success control (outsim@erational TTCS temperature limits)
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The TTCS heaters are divided in 120 VDC heater28ndDC heaters.

The radiator heaters run at 120 VDC from the PD#& Tedundant heaters branches are
present. The A heaters are supplied by the PD3idftze redundant heaters are supplied by the
redundant PDS B.

All other TTCS heaters run from the 28VDC supplisdhe PDS to the TT-Crate (TTCE). The
TTCE has a nominal and redundant feed (TTCE A andE B). The TTCE A (main TTCE)
can be supplied by both A and B of the PDS. Theesamapplicable for the TTCE B (redundant
TTCE).

The power supplied from the TTCE is @ a nominatage of 28.0 Volts (min: 26.5 Volts max:
29.5 Volts). All the heaters are sized with the mahvoltage (28.0 Volts) except for the
heaters with have to output a minimum power ougwein @ minimum voltage, these are sized
with the minimum voltage (26.5 Volts).

6.1 TTCS 28.0 Volts heaters
The thermostat protected TTCS 28 V heaters ara¢hemulator heaters and TEC-coolers on
the accumulator and the start-up heaters on theeftehanger. The thermostat rationale of both
locations is explained below.

6.1.1 Accumulator thermostats

For the Accumulator flight heaters 3 heat switches foreseen for the both emergency and
control heaters. In order to reduce the numbeseat bwitches on the accumulator heat pipe, the
return lines of the emergency and control heatexambined. The two heat switches protect
both heaters at once. On each life line one the@ah@splaced while two thermostats are placed
on the two combined return lines as seen in Figke

The ground test heaters will be protected by alsimgat switch for safety reasons during
ground testing. These ground test heaters willibeodnected after ground testing and therefore
during flight. The procedure for disconnecting ¢neund test heaters is yet to be written.

The accumulator heaters layout with thermostaggeés in Figure 6-2. The heaters numbering is
presented in Table 6-2.
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Heater Function Primary Box Secondary Box
Heater Power@ TS Heater Id# TS Power
ld# 28 vdc Switch Switch @ 28 Vdc
Temp °C Temp °C
Flight Control HTR4aP 225 +55 HTR4aS +55 22.5
Ground Test Control HTR8aP 22.2 +55 HTR8aS +55 22.2
Flight Emergency HTR7aP 15 +55 HTR7aS +55 15
Ground Test Emergency| HTR9aP 14.9 +55 HTR9aS +55 14.9
Flight Control HTR4bP 22.5 +55 HTR4bS +55 22.5
Ground Test Control HTR8bP 22.2 +55 HTR8bS +55 22.2
Flight Emergency HTR7bP 15 +55 HTR7bS +55 15
Ground Test Emergency| HTR9bP 14.9 +55 HTR9bS +55 14.9

Table 6-2: Accumulator heater table (yellow flightheaters, green ground testing heaters)
5and thermal switches

TTCS-P-Box TTCS-S-Box
T ACUP ’\ ] Acus’\\
HTR7aP HTR7b/ N HTR72S HTR7b
| e —— HTR80S | = HTRobS

HTR8bP | HTRobP

— 1 [y —— |
TR4GP FTRADP HTR8aP  HTR9aP y FTRAaS FrRabs HTR6aS ~ HTR%aS |/
[T18 ] ?/ [TB ]

1,
- %::T ﬁ ' ] —— i
] It I

T |

[
TTCEA TTCEB

‘ PDS

Figure 6-2: Accumulator heater schematic with thernostats
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The thermostats selected for the accumulator are:
e Series 3200 High Reliability Aerospace Thermodtdtmeywell/Elmwood) with
the following characteristics (Type: T116):
0 Max weight is 8 gram each
0 Life cycles:
= 100,000 cycles at 4 [A]/ 30 [Vdc]
= 20,000 cycles at 4.5 [A]/ 32 [Vdc]
= 20,000 cycles at 1.2 [A]/ 126 [Vdc]
Temperature set point is from -50 [°C] to +150 [°C]
Tolerances on nominal close/open set point is #/{°LC]
Minimum differential temperature between nominatofzlose set point
(thermostat hysteresis band) regardless switcloiegances is 4.4 [°C].
The layout of the thermostat is seen in Figure 6-3.

1116

.234 REF.
(5.94) l

N

.250%.010 [/ Y
(6.35+.25) T\ 45
1

) 4

.078+.005 DIA,
HOLE (1.98+.13)

g 1
f .380 MAX.
! .2890 MAX. (g9,65)

I (7.37)

605 DIA, —jo——u= . 60!
MAX, (15.37) MAX

Figure 6-3: TTCS-BOX Thermostats Design
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6.1.2 Start-up heaters thermostats
The start-up heaters are protected by 3 thermdtis@s in series with the stat-up heater for
safety reasons. The thermostats are located ampier bracket as seen in Figure 6-4.

Figure 6-4: Thermostat and wire heaters placemetatthe TTCS heat exchanger

The thermostats chosen are the same as for thenatztor heaters seen section 6.13ries
3200 High Reliability Aerospace Thermostats (Horedlgimwood) with the following
characteristics (Type: T116)".

On each live power line one thermostat is placeiievdn each return lines two thermostats are
placed.

Heater Primary Box Secondary Box
Function Heater Power@ TS Switch Heater TS Switch Power
Id# 28 Vdc Temp °C Id# Temp °C @ 28 Vdc
Start-up heater| HTR5aP 55.8 +80 HTR4aS +80 55.8
Start-up heater| HTR6bP 55.8 +80 HTR8aS +80 55.8
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6.2 TTCS 120 Volt Heaters

Each tracker radiator panel is equipped with 12@ Wepton foil heaters glued on the radiator
backside face sheet in the area of the heat pipes.

The heaters are organized in 7 parallel branchesgyathe 7 embedded heat pipes. Five are
divided over the radiator and two branches areddivi over the condenser (one for each
condenser). Condensers (mounted on the backsidieeofadiator panel) are equipped with
120Vdc Kapton foil heaters as well. In each brarich,condenser heaters and radiator heaters
are in series.

The 120V heaters are powered respectively bus ABamicthe PDS.

Heater operation is controlled by means of PDS cbwiéind mechanical thermostats. The
location of the thermostat is on the condenseepkatact location is to be defined.
All heaters on one Tracker radiator including corsgs heaters are switched by thermostats at
the same temperature on the same location. Faratten reasons the thermostats will be
located on the condenser construction. The electiayout of the radiator heaters with
thermostats is seen in Figure 6-5.
The thermostats rationale is as follows:
» For safety critical condenser heater branchesddaoan the C@condensers one (1)
thermostat is located in the power feed line ama (@) in the return line.
e The same is done for the radiator heaters.
Thermostat set-point for all thermostats in thekea radiator/condenser heaters:
* Nominal operation (NO heat)
» Threshold temperature for closing: -35 °C
* Threshold temperature for opening: -25 °C
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e
Branch 1 (Radiator)

Branch 7 (Radiator)

sjejsowsay |

sjelsoway |

Bus B
T Same as bus A T

Return A Live A
| PDS |

Figure 6-5: Tracker radiator/condenser heater elecbnic lay-out with thermostats.

The heater design with thermostats is two-fauttreoht for the condenser heaters and the design
is therefore inherent safe. The condenser headeraat raise the temperature of the condensers
to the Maximum Design Temperature of -5 °C durirgjtmg (see also NLR-Memorandum
AMSTR-NLR-039-Issue03 “TTCS Condenser Freezing TedReport”). The same thermostat
configuration is applicable for the radiator brageh

The thermostats chose on the radiator ar&@@eseries Thermal Switclfrom Honeywell
having the following characteristics:

¢ Ambient Temperature Range: -201 °C to +204 °C
e Specified temp Set point range: -49 °Cl{a8 °C
e Standard set-point tolerance: +3.3°C

e The 700 series has supporting data at 1 amp 120 VDC
The thermostats are clued onto the condenser anddmator structure. In Figure 6-6 the layout

of theHoneywell 700 serieshermostats is seen.
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0B5(2.16)* 3 390 MAX
.063(1.60) (9.91)
#.062+.005* R /
(1.57+.13) 020+.005%
9% (.514.13)
N
'f - / 'LE}‘J)\\'-;. b e0 WA B
0(7.62) nﬂ ! B0 MA
Z,)) f:xlfjj': E ;4):1 + i (15.24) & -
B WEDY, -
b=
B _| 500 MAX
_ _ (12.7)
WEIGHT: 8.0 CMS MAX

Figure 6-6: Honeywell 700 series layout (dimensioris inches)

The power distribution per branch @ 126.5 Voltsusnmarized in Table 6-3. The maximum
current through the thermostats stays below thenp Amit.

Branch Branch Current [A] TS Current [A] | Power [W]
number| Resistance(}] @126.5V @ 1265V @ 1265V
1 729.5 0.173 21.94
3 697.9 0.181 22.93
Rad 4 697.9 0.181 0.889 22.93
5 697.9 0.181 22.93
7 729.5 0.173 21.94
2 387.2 0.327 41.33
Cond 6 387.2 0.327 0.654 41.33
Total 81.93 1.543 195.33

Table 6-3: Power current distribution @ 126.5 Vdc ger the branches, (TS: thermostats)
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7 Thermal/Fluid model heated TTCS Components

The purpose of the thermal/fluid modelling of th& S components is to quantify the
maximum occurring temperatures in the case of heatdrol failure.

Figure 7-1: Step 3 in the approach

The following components of the TTCS are modelled @he results are presented in this
chapter:
Pre-heater
Cold orbit heater
Start-up heater
Radiator capillary feed and return lines heaters
5. Oscillating heat pipe heaters
The maximum temperatures of the remaining heatagoaents,

P w DN PR

6. Accumulator heaters
7. Tracker condenser heaters
8. Evaporators
are analysed and documented separately.
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7.1 Pre-Heater

7.1.1 Pre-Heater Design
The pre-heater properties are summarized as fallows
Function: The objective of the pre-heaters is to raise the @Dperature to the set-point
temperature.
Location: The pre-heaters are located in the TTCS-boxes #itersplit of the evaporator
tubing. At both branches a redundant pre-heattcasted. One of the evaporator branches is
routed to the upper Tracker and the other to thetdlracker. The pre-heater section will be
located directly on the TTCS base-plate and théeheavill be connected directly to the TTCS
tubes, seen in the Figure 7-2.
Heater design: The Pre-heater is a wire heater soldered ontoiffiegpof the TTCS, with the
following properties:

+ R=87.80hm

* P = 26.5/87.8 = 8.00 Watt

+ Pyom= 28.0/87.8 = 8.92 Watt

*  Prax= 29.5/87.8 = 9.91 Watt

STAINLESS STEEL SUPPORT (0,4 gram EACH)

A

) 7
\
\
\
Y
\ Section view A-A
8 \
- heater wire dia. 1 mm “-‘

84

Figure 7-2: Pre-heater design
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7.1.2 Pre-Heater Model

The purpose of the presented thermal model is¢olctvhether the length of the heated pre-
heater section is sufficient to heat the sub-co@éxgliquid coming from the heat exchanger
and to check the maximum temperature at heateratdatiure.

The pre-heater model is implanted in Sinda/Flulte thermal model divides the heated pre-
heater tube in seven sections as seen in Figure 7-5

In the present study the Pre-heater is part ofalldiquid loop, seen in Figure 7-3. In this small
loop it is easy to set the pre-heater ingoing teatpee T, and the saturation set poindedyoint
The pre-heater is modelled as a heat exchangeiirs&ggure 7-3 as HX-3.

=]

I'-

T !’ Tt
T

Figure 7-3: Small fluid loop with pre-heater (HX-3)

The fluid part of the heat exchanger (Pre-heasesgéen in Figure 7-4:

|T-5m H T-502 H T-503 HT-sm HT—505 H T-506 H T-507 HT—SUB H T-509 I‘\,\

T

7 H HX_HX HX HX HX HX HYX

CappCond

T

\

|T—525 T{ T-524 H T-623 HT-szz H T-521 H T-620 HT-519 |T1T-518 H 517 FfT

Figure 7-4. Pre-heater Fluid network
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The thermal part of the Pre-heater model (tube s)\@a the thermal connections) is seen in
Figure 7-5.

ReRARARE
o ER L

|
| ||
|F‘1l I»J EHPI I|_|F-14 I,_|p15 HFw I|_|F1? pr IL|P19I__

| ]

... A2004 . S 200G . A2002 AEEII:IQ

|
N

Heated Sectiol

|_ P o frann | p

T T T T T T 7T ._Lwl_nzn .
.—L P2z L P2212
CappCond- HES
.— B-206
. G
T P-24 |_ F2214 |_—
T TTOTTTOTOT
.—ﬂ_L F2215 L_P
Mf“e‘ o pas | R2218 L'.
mmg A—EEHS

|F‘35I-L-|F34I-|_-|F3|3I-L-|F‘32I-L-|F‘31I-L-|F:3I]I-L-IPEJQI-L-IPZSI-L-|F2?I'(—)’
L f . f |

Figure 7-5: Pre-heater thermal network

4 4 4 4

Basze Plate

The Pre-heater is connected with the base platiehvith modelled here as a thermal boundary
node (B-206) having a constant temperature of 273 connections between the copper
blocks and the base plate are estimated havingran#h conductivity of 0.056 [W/K]. The

estimation for the conductivity through the conmattbetween the TTCS tube and the base
plate is seen in Appendix A.
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Operational case
In this section the operational case is discuseddlze results are presented. The main objective
is to quantify the ratio between the heat inpuhmfluid and the heat loss to the base plate.
The temperature in lumps before and after the pegen are shown Figure 7-6 for the nominal
mass flow and minimal heater power:

e M=2.0g/s (Nominal)

¢ Pheaer= 8.0 Watt

273.5

273

272.5 f
272

—e— CAPPCOND.TL221
—=#— CAPPCOND.TL222

Temperature [sec]

270.5

270

0 20 40 60 80 100 120
Time [s]

Figure 7-6: Temperature before (a) and after (b) tie pre-heater during TTCS operation

The pre-heater is able to raise the liquid tempeegatvith 1.72 K. The heat input in the liquid
lumps is given in Figure 7-7. The model is madehsihat the heater is switched on @ time =
50 seconds.
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Heat Input (in fluid) [Watt]

Time [sec]

Figure 7-7: Heat input in the CO,lumps

—— CAPPCOND.QDOT510
—=—CAPPCOND.QDOT511

CAPPCOND.QDOT512
~>¢ CAPPCOND.QDOT513
—*— CAPPCOND.QDOT514
—e— CAPPCOND.QDOT515
—+— CAPPCOND.QDOT516
—— CAPPCOND.QDOT509
———CAPPCOND.QDOT517

Total Heat input

The heat in leak through the bolt connections th&éobase plate is seen in Figure 7-8:

Heat rate [Watt]

Time [sec]

Figure 7-8: Heat input into the base plate

—e—THERMAL.HR1
—#—THERMAL.HR2
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The heat input ratio is calculated in the nextddbt the t=100 s in the steady state:

Power @ 28 V
Heat input Heaters 8.0W
Heat leak to base platg  0.060 + 0.068 = 0.183 W
Heat input in the fluid 7.87 W

From the above it is found that 1.6 % of the tbt input is lost to the base plate at nominal
operational case.

Non-operational safety case:

In this section the results of the non-operatigaéety case are presented and discussed. This
case occurs when there is no flow in the loop dedpre-heaters are operating at maximum
power. The same thermal model is used as for thmalooperation case presented in the
previous section. The maximum temperature encoeahtierthe pre-heater is seen in Figure 3-1.

—— THERMAL.T11
—8— THERMAL.T12
THERMAL.T13
THERMAL.T14
—%—THERMAL.T15
—e— THERMAL.T16
—— THERMAL.T17
—— THERMAL.T18
THERMAL.T19
THERMAL.T20
THERMAL.T21
THERMAL.T22
THERMAL.T23
THERMAL.T24
THERMAL.T25
THERMAL.T26
—— THERMAL.T27
THERMAL.T28
THERMAL.T29
THERMAL.T30
THERMAL.T31
—- THERMAL.T32
—%— THERMAL.T33
250 : THERMAL.T34

‘ ‘
0 500 1000 1500 2000 2500 | —F—THERMAL.T35

Time [sec]

Temperature [K]

Figure 7-9: Maximum temperature in the pre-heater K].

From the above figure it's seen that the maximumpirature of 162 °C occurs in the copper
structure of the pre-heater.
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A better thermal bolt connection between the coppecks and the base plate can lower the
temperature in the pre-heaters, this has a negeffeet on the power ratio discussed in the
previous section (the heat leak to the base platgpé@ation will be higher).

7.1.3 Results summary

In normal operational mode, the pre-heater is blgise the liquid temperature with 1.72 K.
This was determined for the nominal mass flow eatle minimal heater power:

* M=2.09/s (Nominal)

*  Pheaer= 8.0 Watt
In the table below the operation performance ofpifeeheater is summarized:

Power @ 28 V

Heat input Heaters 8.0WwW

Heat leak to base plate 0.060 + 0.068 = 0.13 W
Heat input in the fluid 7.87 W

The heater control failure mode (safety case) @efims the case where both A and B heaters are
switched on at maximum power and a non-running .loBpr this case the maximum
temperature 0162 °Coccurs in the copper structure of the pre-heater.
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7.2 Cold Orbit Heater
7.2.1 Cold Orbit Heater Design

The cold orbit heater properties are as follows:
Function: raise the CO2 temperature to such a temperatatefrénezing is prevented in the
condenser during cold orbits.

Location: The cold orbit heaters are located in the TTCSeBoafter the exit of the heat
exchanger and before the split into the Wake anch Randenser feed lines. The cold orbit
section will be located directly on the TTCS batse The location of the cold orbit heater in
the box is seen in Figure 7-10.

Heat Exchanger

Cold Orbit Heate

Figure 7-10: Cold Orbit heater location on the basglate
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Heater Design: The cold orbit consists of a copper structurepgrax. 5 cm by 12.0 cm. The

total heating length is 24.0 cm since the TTCSidldine passes twice through the cold orbit
heater structure. The liquid line from the heathexmger to the radiators is soldered to this
copper structure along the wire heaters. The pieding design of the cold-orbit heaters is

shown in Figure 7-11.

The cold orbit heater is a wire heater solderea ¢né cold orbit copper structure. The wire

heater has the following properties:
+ R =13.07 Ohm
e Puin=26.5/13.07 = 53.72 Watt
e Pnin=28/13.07 = 60.00 Watt
e Pnin=29.5/13.07 = 66.6 Watt

120

- Y )
v U 3 U ey
’ S — =)
S 2
| |
J:?:-I: 1 1 F'I"llll';'ql::"I"." —r;??’
el it i HE A

Saction view A-A

Figure 7-11: Cold Orbit Heater Design
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7.2.2 Cold Orbit Heater Model

The purpose of the thermal model is check whetheréngth of the heated cold orbit heaters
section is sufficient to heat the €ligjuid with 60 watt heat input. A second goal oé thresent
model is to determine the maximum temperature atteineontrol failure.

The cold orbit model is implemented in Sinda/Fluiflhe thermal model divides the cold orbit
tubing in twelve heated sections.

In the present study the cold orbit heater is paa small liquid loop, seen in Figure 7-12. In
this small loop it's quit easy to set the cold oribigoing temperature Tand the saturation
temperature set pointsd ,oine The cold orbit heater is modelled as a heat exgdraseen in
Figure 7-12 as HX-3.

T-40 T T I T Hi-3 T T-222 I T. T30
I'-

Figure 7-12: Small fluid loop with cold orbit heate (HX-3)

The fluid part of the heat exchanger (cold orbdtke) is seen in
522

T521 |T Tszﬂ IT T519 Hrma MTS
-
[// T4

H: T
CappCond H T-513 I
[
/HX Hx  HX HX H T512

J./-/ - “\m.

. Current time is 100.0

<2?’302730 2730 2730 2730 2730 2730 ZF30 2730 30 30 2730
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Figure 7-13: Cold Orbit Heater fluid network

The thermal part of the cold orbit heater moddbétnodes, copper nodes and the connections
to the base plate) is seen in

Capp Cond-HXZ

Curmrent time is 100.0

<AFI0Z73.0 730 2740 2740 2740 ZVa0 Z7a0 Z760 2760 260 =277 0

The cold orbit heater connected with the base platech is modelled as a thermal boundary
node (B-206) having a constant temperature of 27Bh€ connections between the copper
blocks and the base plate are estimated havintpénmal conductivity of 0.13 [W/K]. The
estimation of the conductivity through the connactbetween the cold orbit heater structure
and the base plate is seen in Appendix B.
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Operational Case
In this section the operational case is discusaddlz results are presented. The main objective
is to quantify the ratio between the heat inpuhmfluid and the heat loss to the base plate. The
temperatures in the lump before and after the cddd heater section are shown in Figure 7-14
for the nominal mass flow and minimal heater power:

*  m=4.0g/s (Nominal)

*  Pheater= 60.0 Watt

2735

273

2725

—o— CAPPCOND.TL221
—8— CAPPCOND.TL222

Temperature [K]

N
<
N

271.5 A

271

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time [sec]

Figure 7-14: Temperature before (TL222) and after TL221) the cold orbit heaters during
TTCS operation.

It is seen that the cold orbit heater is able teerdhe liquid temperature up to the saturation
temperature (273.15 K). In Figure 7-15 the vapauality of the fluid is seen before and after
the cold orbit section.
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Figure 7-15: Change in vapour quality before (XL222 and after the cold orbit heater
(XL221).

The heat input in the liquid lumps is seen in FeyG+l6.

—%— CAPPCOND.QDOT505

—e— CAPPCOND.QDOT506

—+— CAPPCOND.QDOT507

—— CAPPCOND.QDOT508

—— CAPPCOND.QDOT509

CAPPCOND.QDOT510
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Heating rate Q [Watt]

—=— CAPPCOND.QDOT517

—— CAPPCOND.QDOT518

~—#— CAPPCOND.QDOT519

~ 7 CAPPCOND.QDOT520

—#— CAPPCOND.QDOT521

Time [sec]

Figure 7-16: Heat Input in the CO,
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The heat input through the bolt connections intoliase plate is seen

1.2

0.8

—#—THERMAL.HR2
/ THERMAL.HR3

l ——THERMAL.HR1

0.6

THERMAL.HR4
—*—Total heat rate

Heat Rate [Watt]

e <

o w

PP PPPIPTIPPPPPPPPPPPPPPH

T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time [sec]

Figure 7-17: Heat input into the base plate.

The heat input ratio is calculated in the nextddbl t=200 sec in the steady state:

Power @ 28 V
Heat input Heaters 60.0 Wat
Heat leak to base plate  1.10 Watt
Heat input in the fluid | 58.9 Watt

D

From the above it is found that 1.8 % of the tbigdt input is lost to the base plate at nominal
operational case.
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Non-operational safety case:

In this section the results of the non-operaticadéty case are presented and discussed. This
case occur when there is no flow in the loop (nperating loop) and the cold orbit heaters A
and B are operating at maximum power resultingpower input of 120 Watt in the cold orbit
heaters structure. The maximum temperatures erm@ehin the cold orbit heater is seen in

—— THERMAL.T1
620
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—#— THERMAL.T1
2
THERMAL.T1

3
570 THERMAL.T1

4
—%— THERMAL.T1
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520 6
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7
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8
THERMAL.T1

~
N
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9
THERMAL.T2
0
THERMAL.T2

1
THERMAL.T2
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5
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0
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Figure 7-18: Maximum temperature in the cold orbitheater.

From the above figure it's seen that the maximumperature of 555 [K] or 281 [°C] occurs in
the in the copper structure of the cold orbit heate

A bolt connection with higher conductivity resuitslower maximum temperatures in the cold
orbit heaters; this has a negative effect on tiveepoatio discussed in the previous section. This
would result in an increasing heat leak to the Ipdat® during operation.
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7.2.3 Results summary

In normal operational mode, the cold orbit heageahle to raise the liquid temperature up to the
saturation temperature (273.15 K) and was ableotmluct most of the heater power into the
CQ,. This was determined for the nominal mass flovecagh minimal heater power:

e M=4.0g/s (Nominal)

*  Pheater= 60.0 Watt
In the table below the performance of the pre-hdatsummarized:

Power @ 28 V

Heat input Heaters 60.0 Watt
Heat leak to base plate 1.10 Watt
Heat input in the fluid 58.9 Watt

The heater control failure mode (safety case) ddfias the case where both A and B heaters
are switched on at maximum power (total power d ®&tt) and a non-running loop. For this
case the maximum temperature5&h [K] or 281 [°C] occurs in the in the copper structure of
the cold orbit heater.
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7.3 Start-up heater on the heat exchanger

The start-up heater properties are summarizedlas/&

Function: The objective of the start-up heaters is to rdigeT TCS liquid flow from — 40 °C to
— 20 °C during start-up and cold orbit operation.

Location: The start-up heaters are wire heaters connectdbdetdarge thermal mass of the
TTCS heat exchanger as seen in Figure 7-19.

Thermostal
‘\‘

Heate A & B

Figure 7-19: Thermostat and wire heaters placemertdnto the TTCS heat exchanger

Heater Design:The start-up heater is a wire heater soldered loeib exchanger of the TTCS,
with the following properties:

* R= 14.05 Ohms

*  Puin = 26.5/14.05 = 50.0 Watt

*  Ppom=28.0/14.05 = 55.8 Watt

*  Puax=29.5/14.05 = 61.9 Watt
The heat exchange is equipped with three thernsostaeach wire heater (A and B, main and
redundant wire heater). These thermostats hagepost of 80[°C].
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7.3.1 Heat Exchanger model

The purpose of the current heat exchanger modelaalculate the maximum temperatures at

heater control failure. This is the case where beiters (A and B) are switched on resulting in

a total power input of 100 [Watt].

Bracket 1

Heater region Bracket 2

//////

N

\\\\\\\\\\\\\\\\

// . S

x\\\\\\\\\\\\\\\\

The model presented in this section is implemeirtdthermal Desktop. The thermal

conductivities between the HX outer surface andtiaeket surfaces are based on the

mechanical design and pressures between the bsgtkdt forces):

Bolt type bracket pressure Contact Conductance
[Mpal] [W/m? K]

RVS 316 2.04 ~5000 Top side
§ 10.18 ~5000 Bottom side
S |In718 2.48 ~5000 Top side
a8 12.39 ~5000 Bottom side

RVS 316 0.204 ~500 Top side
% 1.018 ~500 Bottom side
S |In718 0.248 ~500 Top side
0 1.239 ~500 Bottom side
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The thermal conductivity through the connectiontasin the heat exchanger bracket and the

base plate is based on the pressure in the bolts:

D

Bolt Material Bolt Force Contact Pressure | Contact Conductanc
[N] [Mpa] [W/m? K]

RVS 316 541.8 12 ~5000

In 718 2956.3 67.1 ~5000

The total conductivity between the brackets andtime plate (0.132 [W/K]) is calculated and

presented iM\ppendix C.

The model of the heat exchanger built in Thermadkbap is seen in Figure 7-20 Figure 7-21.

Figure 7-21: Front view of the heat exchanger modgWith insert)
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The resulting temperature evolution is seen

600

500

N
o
o

Tempratures in the Heat Exchanger

Temperature [K]
w
o
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o
o

100

0 5000 10000 15000 20000 25000 30000
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Figure 7-22: The temperature distribution in the het exchanger @ heater control failure.

The maximum temperature 475 [K] or 201 [°C] occurs in the in the outer surface of the heat
exchanger.

Due to structural limitations, the heat exchangexquipped with thermostats having a set point
of +80 °C. The temperature distribution in the heathanger is seen in Figure 7-23 at approx. a
switching point of the thermostats (100 °C) wittargin of 20 degrees with respect to the
worst case.

5
3

s O - -
- . [ 1
— B o
<0 <0
Temperature [C], Time = 1200 sec Iemperoture [C]. Time = 1200 se

Figure 7-23: Temperature distribution in the heat exchanger @ thermostats switching
point.
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7.4 Radiator capillary feed and return lines heaters

The liquid line heater properties are as follows:
Function: The objective of the TTCS liquid line heaters igd&grost the TTCS Cg{rondenser
lines after an AMS complete power down.

Location: The heaters are soldered onto the TTCS capilldipgurunning from the manifold
to the condensers.

Heater design:The liquid line heaters are wire heaters solderdd the capillary Inconel tubes
from the manifolds to the condensers, for moreildetalescription the reader is referred to the
TTCS Heater Specification document “AMSTR-NLR-TN204
To minimize heat leak from the liquid lines wirealters to the condenser plate a foil heaters are
placed onto the condenser plate. The wire/foil érsdtave the following properties:

* Wire heaters (per heater):

(0]

o O O

R =503 Ohms

Pumin = 0.758 Watt
Prom= 0.846 Watt
Pmax = 0.939 Watt

* Foil heater (condenser plate):

O O O O

R =12.8 Ohms

Prin = 3.77 Watt
Poom = 4.21 Watt
Pmax = 4.68 Watt

The structural layout of the capillary liquid linesth manifold and brackets is seen in Figure

7-24. A detailed picture of the capillary lines ¢kats is seen in Figure 7-25
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Condenser
Exit/Entranc:

Manifold

Condenser Capillary feed a
return line:

Figure 7-24: Capillary liquid lines layout

Figure 7-25: Capillary liquid lines brackets.
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The maximum temperature occurring in the capillbguid line is calculated based on the
following assumptions:

1. The bundle of liquid lines is placed in Multi Layiesulation.

2. ltis assumed that the all the heat is exchang#&dthe environment through radiation.
(Worse case, no heat leak through conduction).

The layout with insulation is seen in Figure 7-26.

Wire Heater TTCE

MLI wrapped Capillary Condenser Tube
around the tubes

Wire Heater TTCE

—————————————— 75 MMm—————————— |

Figure 7-26: Capillary liquid line heaters with MLI insulation

The MLI sheets (4x) are wrapped around the bunidbapillary liquid lines. For the high
evacuated MLI system (multiple surfaces) the thiszakeffective emissivityg.y, for a blanket
of N isolated surfaces, or layers of emissivityegnde, on opposite sides, is computed as

oo 1 1
eff i_’_i_l N+1

& &
& =&, =005
N=3

Eenr = 641x107°
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The maximum temperature occurring in the capillayid lines is found to be 301 [°C] and is

calculated as follows:

TTCS Liquid Line Heaters Sizing

Maximum temperature at hot condition:

DomLi = 73mm Outer diameter MLI
Lenght Tubing and MLI
L1:=0.7Tm
Al = 20Do Ty Al =3.62% 18mnf
o :=5.6x 10 3
m2[K4
g R :=0.05 Effective emissivity
N1:=3 Number of MLI sheets
1 1
Eeff = 2-g5 (NL1+1 Eoff = 6.41% 103 MLI system effective emissivity
&R
Environmet Temperature
Tenv:= 308K
PLLheaters= 13.18W Total heaters power
P 0.25
T = Tenv4 + LLheaters
b- AL gy Tube temperature

T, = 575.094K Ty, = 301.944C
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7.4.1 Results summary

The maximum temperature occurring in the capillaqyid lines is found to b&01 [°C]in

heater control failure mode (safety case).
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7.5 Oscillating heat pipe (OHP heaters)

This section describes the Oscillating Heat PipdRPexperiment. It gives an overview of the

experiment. The focus is mainly on thermal andtgadepects.

The Oscillating Heat Pipe heater properties afelsvs:

Function: The objective of the OHP heater is to operate th¥® @xperiment. When the OHP
heater is operated the heat is conducted by the @tdPdumped in the GAAMS02 TTCS
Primary Loop. The design of the AMS OHP is founa@latument TTCS Oscillating Heat Pipe

Design DescriptiohAMSTR-NLR-TN-037.

Location: The wire heaters are soldered onto an L-shapedecagtpucture as seen in Figure

7-27.

OHP heater

location \

Heater Side

Loop Tubing

Figure 7-27: AMS02 OHP experiment design layout.

Heater design:The wire heater has the following properties:
* R= 15.7 Ohms

Poin = 26.5/15.7 = 44.7 Watt
Poom= 28.6/15.7 = 50.0 Watt
Prax = 29.5/15.7 = 55.4 Watt
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The safety issues concerning the OHP experiment are
e The maximum design pressure in the OHP tubing ateheontrol failure (heater switch
on).
¢ The maximum temperature occurring at the condesider(TTCS C®tubing) is to be
determined.

7.5.1 OHP thermal model

The purpose of the current OHP thermal model is diegermination of the maximum
temperatures occurring in the OHP structure ateneaintrol failure.

Model description:
- OHP tubing: L =3279.15 mm,;P= 1.2 mm, R, = 1.5 mm
- Conductive link between the evaporator (heaterpeoptructure and the base plate:
Ggp1 = 0.9 WIK.
- Conductive link between the condenser copper strecind the base plate:;gdz=
0.195 WIK.

The model layout is seen in Figure 7-28 while thggical model is seen in Figure 7-29.

ooo QQQmu

COZ Tubing

urrent time is 2000.0

<Z7302730 2840 2950 3060 317.0 3280 3400 351.0 3620 3730 =3340

TTCSF loop
£02 Tubing Condenser Copper

OHP Tubing Evaporator Copper Structure

Poi01] ...

Gy Gy Gy () Gty () (o) (ann)
T e
oo oo

Figure 7-28: AMS 02 OHM experiment (thermal model &yout)
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Figure 7-29: ASM02 OHP experiment layout

The OHP design has the following properties:
* The volume of the containing tubing is 2.26 ml FC-8
» The fill charge will be 70 % resulting in a totahss of 2.56 gram FC-87 @ 290 K.
* FC-87 Properties:

- Critical temperature: 423 K (150 °C)

- Critical pressure: 21.3 bar

- Liquid density: 1650 kg/m@ 298 K

- Liquid specific heat: 1100 J/kgK @ 298 K

The P-T curve of FC-87 is seen in Figure 7-30. Agag an OHP maximum average design
temperature of 100 °C (273.15 K), the MDP (maximiesign pressure) is 8.94 Bar.Figure
7-30: P-T curve FC-87
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Figure 7-30: P-T curve FC-87

Based on the MDP of 8.94 bars the proof and buestsure are as follows:

Maximum Design Pressure 8.94 Bar
Proof Pressure (1.5xMDP) 13.4 Bar
Burst Pressure (4.0XMDP) 35.7 Bar

Table 7-1: OHP Design pressures.

The design verification comprises:
- Fill accuracy will be measured according TBD pragedo secure MDP
- The OHP will be pinched and welded and X-rayed
- Proof pressures verification by test

The calculation of the maximum stresses in the rigdie calculated and presented in Appendix
D. The limiting Von Mises stress is:

Oym = 1.987 MPa

With a safety factor, the material should haveeddystress larger than:
SF=4.0 SF: Safety factor

Oyieldlimit = SF *Ovwm = 7.95 MPa
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This calculation shows that all materials with algistress above the yield limit can be used.
The tube material for the OHP is stainless stet wiminimum yield stress of 195 MPa.
Therefore all stresses in the material will be ataigle (If the maximum temperature in the
OHP stays below 100 °C).

316L stainless steel has a yield strength of 234 §épurce: Perry chemicals engineers
handbook sixth edition table 23-10 p23-43) andlpgifils the yield stress limit.

The resulting safety case temperature evolutioombglelling, in the OHP is seen in Figure
7-31.

100

90 %

N
o / —

20 - |OHP Tubing |
30
N

|Condenser side (CO2 loop) |

[Evaporator side (heater)|

Temperature [C]

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time [sec]

Figure 7-31: OHP Maximum temperatures @ safety case

From the above figure it's seen that the maximumpirature 083 [°C] occurs in the in the
copper structure on the evaporator side of the Qf¢Rclear that the OHP tubing stays below
the maximum design temperaturel®0 [°C] and thus below the Maximum Design pressure.

The maximum temperature on the condenser side (@) is seen to be below thé [°C].
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7.5.2 Results summary

The OHP heater failure mode (safety case) resulésmaximum temperature 88 [°C] in the
copper structure on the evaporator side of thell@geg Heat Pipe. The maximum temperature
in the Oscillating Heat Pipe (60 °C) stays below thaximum design temperature of 100 [°C]
and thus the pressure in the OHP stays below the BI3.94 [Bar].

The maximum temperature on the condenser sidglf©p) is below thel0 [°C].

7.6 Accumulator heaters

The accumulator heaters safety assessment (by imggléd performed by SYSU and presented
in [TTCS-SYSU-AN-001-2.0 “TTCS Accumulator Safetpaysis”.

7.6.1 Peltier elements

Peltier elements properties:
e Melcor CP1.0-127 - 05L 2 series
e Power supply 11.5 VDC
* Pl conrol

*  Prax

The Peltier elements are used to cool the accuorul@hey are used to lower the set point
temperature, based on the ground command. ThesiReltan produce Joule heat, however,
depending on the working current. Worst case isnvthe Peltier elements are operating and the
TTCS pump is not running, e.g. before starting lmpthat case the (Joule) heat can not be
carried away by the loop and the Peltier elemeiitdeat the accumulator.

The detailed analyses on this case can also bed fouTTCS-SYSU-AN-001-2.0 “TTCS
Accumulator Safety Analysis”

7.7 Tracker condenser heaters
The condensers heaters safety assessment (by imgpediperformed by SYSU. The maximum

condenser temperature without pumped, @05 °C. The detailed analysis will be presernted
TTCS-SYSU-SIMU-PR-002-2.0 “TTCS Thermal Analysisiadesign report”.
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7.8 Tracker evaporators

The tracker evaporators safety assessment (by hmydels performed by SYSU and can be
found in TTCS-SYSU-SIMU-PR-002-1.0 “TTCS Thermal aysis and design report”. The
maximum temperature of the evaporator environmemdwer then 30C (Figure 7-4 on page

82). Analyses for an operating Tracker without BI€boling are still to be made.

7.9 Results summary

In the table below the maximum temperatures forvdmgous heated components evaluated in
this document are summarized:

TTCS Components Maximum Temperature
Safety case [°C]

Pre-heater 162

Cold Orbit Heater 281

Start-up heater 301

Oscillating heat pipe 93

Table 7-2: TTCS heated components not thermostat ptected

Remark: The maximum evaporator temperature iststibe determined. However in the final
analyses in section 8 the temperature is assumied ittfinite (approach 1) or 100 °C (approach
2).
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8 Outline safety approach principle

The goal of the safety approach is to set a praescushow that in all cases the maximum
design pressure is not exceeded.

In the design phase of the loop the design pressasedirectly determined by the fill ratio and
the overall maximum design temperature. The maxirdesign pressure was fixed at 160 bars
at a maximum temperature (on earth) of 65 °C adereity (fill ratio) of 592 g/I.

Two safety approaches are presented in the follpivilo sections:

1.

The first approach takes as an assumption thdtehated non thermostat protected
components don’t contain any liquid/vapour (inkhythot) (worse case). Then the
maximum allowable temperature for the unheateda@excts function of L.,is
calculated such that the pressure in the loopuslelp0 bars. The corresponding
TunheatedS€CtiON is used as Maximum Design Temperature (MDiTthe rest of the

loop.

In the second approach an extreme temperatur@¥ar*-heated parts is assumed (due
to failure of heaters) e.g. 445 °C.

For both approaches the TTCS loop is divided ihte¢ component groups:

1.

3.

Unheated components of the loop, these are the aoenps where no heaters are
placed and where the temperature can be assuniexidonstant with a non-operating
loop.
The second group consist of the three componentshvaine equipped with thermostats:
« Accumulator; TS = 455 °C for HP heaterg, K T1s
* Accumulator; TS = +45 °C for Peltier Elements, K Tts
e Heat exchanger; TS = +80 °GyJ< T+s
e Condensers; TS = -35 °Cgni< -5 °C
It is assumed that these components never exceesvitthing temperatures of the
thermostats (accumulator will not exceed +45 °@)shcceptable for safety since
these components are three fold protected wittettirermostats each.
The maximum temperature of the condensers is rssicdban the switching
temperature of the thermostats but on modellinglteg§interaction with
environment). The temperature of the condenserswitpumped C@is always
below -5 °C.
The Heated Elements in the TTCS Loop without thestiats.
The maximum temperatures in these components weternined in the previous
chapter (chapter 5).
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8.1 Max. Allowable temperature determination

As stated before the loop is divided in severalises (volumes):
i. Capillary Condenser Lines
ii. Accumulator
iii. Heat Exchanger

vi. Unheated components.

The following is assumed:

1. Max Pressure in the loop: P =160 Bar
2. Total CQmass: m = 740.4 gram
3. Temperature Components: I I T , i

The temperatures in the different heated commismesult either from thermal analysis
or the set point of the thermostats.
4. Volumes Components: iWii, Vi e Vi

P = 160 Bar ]
T=[Ti, o T =P P T

} - | m=[m;, ....., m,]
V=1[Vi, ..., \A| } -l [ M, Vi
Miot v

r VI
Tvi,max h{
P =160 Bar
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8.2 First Approach

In this approach the following assumptions are made
» Condensers are thermostat protected and can ne¢@xce temperature of -5 [°C].
* Heat exchanger is thermostat protected and canerotéed the temperatures of
respectively [80, 90, and 100] [°C]. These thremperatures are chosen to study the
effect of the heat exchanger thermostats temperatetr point on the overall allowable

temperature increase in the unheated components.
* It is assumed that the heated components don'anominy fluid (liquid and/or gas)

(very high temperatures thus very low density).

* An accumulator temperature is assumed varying B0rfC to 59 °C.

The maximum allowable temperature in the unheatadponents is calculated such that the
pressure in the system, under the above describaditons, is equal to the maximum
allowable design pressure of 160 [Bar].

Three calculations are performed with three difiegssumed heat exchanger temperatures [80,
90, and 100Q] [°C]. The assumed loop temperaturdstlam resulting densities and £@ass in
the different components are listed in

Component Volume | Temperature Density Mass
[ml] [°C] [9/] [a]
RAM & WAKE 43.4 -5 1024.8 44.48
cap condenser lines
Accumulator 842 50,....,59 722.09,..,646.89 -
HX 50 80 468.44 23.42
90 408.01 20.40
100 363.69 18.18
Heated Components 179.3 Infinite 0 0
Unheated Components 141.23 calculated calculated Iculated

Table 8-1: Assumed TTCS loop temperature (First saty approach)
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The calculation procedure is as follows:

1. With the assumed temperatures of condensers, atatomand the heat exchanger the
local densities are calculated and the,@@ss in those components.

2. The total CQ mass in the loop is constant (743.35 grams) amsltthe mass of the GO
in the unheated components is calculated and Heuddnsity. From this density the
maximum allowable temperature in the unheated compis is calculated.

The resulting maximum allowable unheated compontentperature is seen in Figure 8-1.

First safety approach AMS TTCS
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60.00
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° —#-HX @90 C
3 40.00- HX @ 80 T
3

<

5 3000

2

K

g 20,00
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<

g 10.00

= \:
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50 52 54 56 58 60 62 64

Accumulator Thermal Switching Temperature

Figure 8-1: Maximum Allowable unheated loop componets temperature

Changing the accumulator set point temperature ehdarger effect on the max allowable
temperature in the unheated components than chattggnset point of the heat exchanger. This
is due to the larger volume contained in the acdatou

8.2.1 Conclusion approach 1
It can be concluded that for example if:

o
1. Taccu thermostats protected < 50 °C

2. T condenser thermostat protect&is °C
3. T overheated parts < very high temperature
4 Theat exchanger <100 °C

And
5. The unheated loop components temperature 4o/3e(checked by modelliny

Then P rcs< MDP (160 Bar) ==> Design is safe
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8.3 Second Approach

In this approach the following assumptions are made
» Condensers are thermostat protected and do not¢exice temperature of -5 [°C].
« Heat exchanger is thermostat protected and caneroted the temperatures of
respectively 100 [°C].
« For the heated component the following three séemare assumed:
1. All heated components have a maximum temperatud@@rC.
2. All heated components have a maximum temperatuB90f°C except the
pumps and the evaporator which have a maximum textyre of 100 °C.
3. All heated components have a maximum temperatudb0f°C except the
pumps and the evaporator which have a maximum texnpe of 100 °C.
e An accumulator temperature is assumed varying B0rfC to 59 °C.

The maximum allowable temperature in the unheatedponents is calculated such that the
pressure in the system, under the above describeditons, is equal to the maximum
allowable design pressure of 160 [Bar].

The maximum allowable not heated components teryrera calculated and seen in Figure
8-2.
Second approach AMS TTCS
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< " 7”7”""""——71,
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% -50
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‘—0— T heated =300 C —#—T heated = 300 T; Evap & Pumps @ 100 C T heated = 450 C; Evap & Pumps @ 100 C

Figure 8-2: Max. Allowable Unheated loop componesttemp.
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8.3.1 Conclusion approach 2

It is thus concluded that for example if:

o
1. Taccu thermostats protected < 50 °C

2. T condenser thermostat protecied® “C

3. T overheated parts < 300 °C
4. T evap, pumps < 100 °C
5. Theat exchanger <100 °C

And
6. The unheated loop components temperature <t83fe(checked by modelliny

Then P 1rcs< MDP (160 Bar) ==> Design is safe

8.4 Conclusion on safety approach

Based on the results of both approaches it is shianhthe TTCS pressurised system stays
below the Maximum Design Pressure of 160 bar.

In order to finalise the safety analyses some ewtdit thermal modelling is needed (evaporator,
accumulator). However the approaches show thatimé&available. Therefore it is expected
no additional design changes will be needed.
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Appendix A: Conductivity between pre-heater and bas plate

w
=16.5+—
Ksst mK hy :=3.0mm
J
Cqgt = 480— h2 =3.5mm
kgK
. b := 8mm
kg a:=5mm
Pggt = 7800—
m2 dx:=10mm
c - 200 W HSTO:: Omm
cont 0 5
K
_______________________________________ .
h
1 K
kgt DX
a+b
L lp—— Ry, =11.256—
2K g Doldx
Reonty = ————— Reont = 10
ontl-~ ontl ™ ¥,
Ccommx
H
STO K
RsTo= 07y

R =
STO
Ksstlldx

Reont2:= Reont1

Riot =Rq + O'HﬁRZ + Reont1* RsTo RcontQ)

K
=17.9—~
Riot W

=L
e
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Appendix B: Conductivity between cold orbit heatercopper structure and base plate

w w
Ksst = 16.553nﬁ key = 39% hy = 4.0mm
Coy = 480—1 J
SSt™ T gk Cey'= 378kg_DK a:= 10mm
b:=10mm
k =
Pest= 7800—9 @ D :=4.0mm
i Pou = 8960—
W m —
Ceont = 1500—— AsTo=0mm
K
_______________________________________ .
h
1 K
Ry = 2 Ry =0.117—
3.1
Ky @b -
- 27
Roont1 = - K
ontl- 3 14:§ Rcont].: 7624\/_\/
Ceont &b - 4
N Hsto «
STO 3.14T RsT0= 0y,
Ksstl{ ab - 4
Reont2=0
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Appendix C: Conductivity between HX Brackets and bae plate
Material Properties:

Inconel ss
ki =15. 5— W
inc - Koo :=15.3—
mEIKJ SS MK
=480——
Cp_inc* C oo i= 480—1
kngK p_ss koK
g
Pinc = 8440— - 7800§
m Pss: 3
m
Contact Conductance
Ccont = 5000—
m I]K
Dimensions:
HStO:: 1.0mm DIn =5mm
Hpp:=10mm o
BP Doyt = 9mm
H = 10mm ._ 2 2 _ 2
HX Apy = (Dout -D,, )EE Ay = 43.982mrf
H 1= 22mm
BoltCyl 2 2
Agjis = (Din )E—E Agjs = 19.635mr
HBoltHead = MM X
_ Apits_p = Doyt Hpp ABits_Bp = 282.743mm
Resitances
H
kincm\HX w
. -1
Reont = (CconthX) Reont = 4 547W
H
Kss! Hx w
H
BoltCyl K
Rbits = 1 . Rpits = 73232
ss Blts

— -1 _ K
Reits_BP = (Ccont®Bits_gP) Reits_pp = 0707
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_ Rux B X
R1:= —2 + Rcom + RStO+ Rcont R1=17.91 N
— _ K
R2:= Ryx * Reont * Rsto* Reont * Rolts * RBIts_BP R2= 99'189VV
Gl:= —1 Gl= 0.056VX
R1 K
G2:= —1 G2= 0.01W
R2 K
" _ W
Got_Bolt = AGL+ G2 Got_Bolt = 0132 -
Heat Path
=1 ~Stand-offs

heat exchanger bracket-foot

i

7

¥’

Y

Base Plate -t

¥ Base Plate

-
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APPENDIX D:

OHP Stress calculation

The maximum stress in the OHP tubing is based on the maxuimum design
pressure. The maximum design pressure is based on a maximum mean
temperature of 373 K (=100 <C) of the OHP.

The pressure of FC-87 (the OHP working fluid) is 5.3 bar as can be seen in
below P-T diagram.

Saturatlon Pre s sure FRZET

{{x] ?
s /
E /
£t
E /
o - - . — “’."_4_/.// .
[a]xx] 2000 10000 [Exkexl 0o =000 000 35000 HO00
Tempaatum Keldn]
PvDP = g_g@_épa Maximum Design Pressure
t:=0.15mm OHP Pipe dimensions
Rip i=0.6mm
Rout = Rin +t Rout =0.75mm
P:=Rupp
r=Rin
The maximum stresses in the material can then be calculated by:
For small tube wall thicknesses
= Rin = = (? Radial stress
O; = PEIt— Oy = PMDP Oy = 8.94x 10 Pa

oy = 3.576x 18 Pa Tangential stress
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For large wall thicknesses the largest stress at the inner wall is:

Rin2 Rout2
S~ P 2 2 - 2 O = —8.94x 1OL5 Pa Radial stress
Rout ~Rin r
Rin2 Rout2
R =P 2 > 1+ 5 oy = 4.073 18 pa Tangential stress
Rout ~Rin r

As limiting stress the Von Mises stress can be taken:

2 2
OyM ::\/0r +0;p - Zmrrmrt

oy = 4.967% 18 Pa

With a safety factor, the material should have a yield stress larger than:

SF=4 SF is the safety factor

Oyieldlimit= SFOym  Oyjeldlimit = +-98% 16 Pa

Oyieldlimit = 19.867MPa

Above calculation shows that all materials with a yield stress above the yield limit can be used:

The tube material for the OHP is stainless steel with a minimum yield stress of 195 MPa.
Therefore

all stresses in the material will be acceptable.

Common stainless steels have yield strength around 200 MPa and higher

316 L stainless steel has a yield strength of 234 MPa (source Perry chemicals engineers
handbook sixth edition table 23-10 p23-43) and easily fulfils the yield stress limit.



